We mapped quantitative trait loci (QTL) controlling differences in seed oil content and composition between cultivated and wild sunflower and used the results, along with those of a previous study of domesticationrelated QTL, to guide a genome-wide analysis of genetic variation for evidence of past selection. The effects of the seed oil QTL were almost exclusively in the expected direction with respect to the parental phenotypes. A major, oil-related QTL cluster mapped near a cluster of domestication-related QTL on linkage group six (LG06), the majority of which have previously been shown to have effects that are inconsistent with the parental phenotypes. To test the hypothesis that this region was the target of a past selective sweep, perhaps resulting in the fixation of the antagonistic domestication-related QTL, we analyzed simple sequence repeat (SSR) diversity from 102 markers dispersed throughout the sunflower genome. Our results indicate that LG06 was most likely the target of multiple selective sweeps during the postdomestication era. Strong directional selection in concert with genetic hitchhiking therefore offers a possible explanation for the occurrence of numerous domestication-related QTL with apparently maladaptive phenotypic effects.
T HE derivation of crop plants from their wild an-
cestors has typically involved rapid phenotypic evolution in response to strong directional selection (Harlan 1992) . Biologists dating back at least as far as Darwin (1859) have argued that these dramatic, humanmediated transformations provide a model for studying phenotypic evolution. This is due, in part, to the fact that studies of evolution under domestication often enjoy a historical backdrop that is unavailable to many investigators studying phenotypic divergence in the wild. Not only do we know the types of traits that were likely under selection during crop domestication and improvement, but also the timescale over which this evolution occurred is often well documented. These factors, when combined with the recent development of genetic tools for the analysis of many domesticated plants and animals, translate into unique opportunities for studying the genetic and phenotypic consequences of strong directional selection.
One approach that has been widely applied to questions about the genetics underlying phenotypic divergence has been quantitative trait locus (QTL) mapping. While QTL mapping has produced a tremendous amount of information on the genetic architecture of trait differences, this approach is largely agnostic regarding the evolutionary forces causing these differences. The one exception to this is the QTL sign test of Orr (1998) , which uses data on the direction of QTL effects to detect the footprint of directional selection. Unfortunately, the utility of this test is closely associated with the number of loci detected. As such, the QTL sign test is of little use for traits with relatively few detectable QTL.
A complementary approach to QTL mapping is to use population genetic data to identify regions of the genome that harbor selectively important genes. This idea, which was first proposed by Cavalli-Sforza (1966) , was later formalized by Lewontin and Krakauer (1973) , who used variation in the inbreeding coefficient across loci in an attempt to detect selection. Although this approach was subsequently criticized on a variety of grounds (e.g., Nei and Maruyama 1975; Robertson 1975a,b) , the underlying logic remains valid. While the effects of migration, inbreeding, and genetic drift are manifested throughout the genome, selection acts in a locus-specific manner. Thus, selective sweeps can reduce genetic variation at both the target locus and the linked neutral loci while leaving the remainder of the genome unaffected (Maynard-Smith and Haigh 1974; Slatkin 1995) . Since Lewontin and Krakauer's (1973) initial publication on the subject, a number of authors have proposed improved methods for using population genetic data to detect selection (e.g., Tsakas and Krimbas 1976; Bowcock et al. 1991; Beaumont and Nichols 1996; Vitalis et al. 2001; Schlötterer 2002) , and recent years have seen the increasingly frequent use of such methods to successfully identify selectively important loci in a wide variety of taxa, 1 including plants (e.g., Vigouroux et al. 2002) , microbes (e.g., Wootton et al. 2002), insects (e.g., Schöfl and Schlötterer 2004) , mollusks (e.g., Wilding et al. 2001) , fishes (e.g., Campbell and Bernatchez 2004) , and mammals (e.g., Akey et al. 2002; Storz and Nachman 2003; Storz et al. 2004) .
When used in combination, QTL mapping and population genetic analyses provide an especially powerful approach to the study of phenotypic divergence in response to selection. While QTL-based approaches can identify genomic regions that harbor genes underlying phenotypic differences, population genetic data can be used to investigate the role of selection in producing the observed differences. Conversely, QTL mapping can provide an initial framework for investigating the phenotypic effects of selectively important regions of the genome. Here we describe the joint application of these techniques in a study of the evolution of cultivated sunflower (Helianthus annuus L.).
Derived from the wild, common sunflower (also H. annuus) 4000 years ago (Crites 1993) , cultivated sunflower stands as the only major food crop that is native to temperate North America (Harter et al. 2004) . Despite being considered members of the same species, cultivated and wild sunflower exhibit a number of morphological differences that trace back to the original domestication event. For example, wild sunflower is characterized by a highly branched growth form with numerous, small flowering heads and relatively small achenes (i.e., singleseeded fruits) that are released upon maturation. Cultivated sunflower, on the other hand, is completely unbranched, producing a single large head as well as relatively large achenes that are held until harvest.
Following its domestication, cultivated sunflower served as an important source of food, pigment, and medicine for Native Americans (Heiser 1951) . Like many crop plants, however, sunflower has experienced a complex evolutionary history involving multiple population bottlenecks accompanied by periods of presumably intense selection (Putt 1997; Tang and Knapp 2003) . The most recent of these occurred in the mid-20th century, when plant breeders transformed sunflower into one of the world's most important sources of edible oil (Putt 1997) . However, our recent analysis of domestication-related traits in a cross between wild and cultivated sunflower failed to provide evidence of consistent directional selection for most traits. In some cases, there was insufficient power (i.e., too few QTL) to reject the null hypothesis of neutral divergence (Orr 1998) . In other cases, there were sufficient numbers of QTL but antagonistic effects (i.e., cultivar alleles producing a more wild-like phenotype and vice versa) were common, suggesting that the observed trait differences often were not the result of consistent directional selection.
The one exceptional trait was achene size, which showed clear evidence of past directional selection. This result led us to conclude that ''strong directional selection for increased achene size appears to have played a central role in sunflower domestication'' (Burke et al. , p. 1257 . For 9 of 10 genomic regions influencing achene size, the cultivar allele produced larger achenes. The 10th region, which carried QTL for both achene width and achene weight, was located on LG06 and was embedded within a cluster of other, apparently maladaptive (i.e., antagonistic) QTL (Figure 1) . While it is possible that this region could have arisen through the chance fixation of a maladaptive chromosomal block during domestication, we previously hypothesized that strong selection favoring one or more QTL underlying a presumably unmeasured trait, and with antagonistic effects on other (domestication-related) traits, might be responsible for the abundance of antagonistic QTL on LG06. Given the recent history of sunflower, oil-related characters are the most obvious candidate traits to investigate. In this article, we report the results of a QTL analysis of seed oil content and composition in sunflower and use our results to guide a genome-wide analysis of patterns of simple sequence repeat (SSR) variation for evidence of past selection.
MATERIALS AND METHODS
Development and genotypic characterization of the mapping population: The mapping population, which was previously described by Burke et al. (2002) , consisted of 374 F 3 individuals derived from a single, self-pollinated F 1 hybrid of an elite oilseed cultivar (cmsHA89) crossed with wild H. annuus (ANN1238). Each individual in the mapping population was initially genotyped for 106 SSRs and two morphological markers (hypocotyl/disc pigmentation and restoration of male fertility). For the purposes of this study, five dominant markers were removed from the analysis because data from subsequent mapping populations suggest that they were initially misplaced Yu et al. 2003) . In addition, a single EST-based SSR (HT769) was added to the map to fill a 20-cM gap in the middle of LG06.
Phenotypic characterization of the mapping population: Achenes (i.e., single-seeded fruits) were collected from the self-pollinated primary head of each plant. For all plants with sufficient yield (125 total), seed bulks were phenotyped for percentage of oil content and fatty acid composition following standard protocols as follows. The oil concentrations of clean, physiologically mature achenes were measured by pulsed nuclear magnetic resonance (NMR) analysis on an Oxford 4000 NMR (Concord, MA). Flat-bottomed sample tubes were filled with achene samples weighing between 0.5 and 1.0 g each. The NMR was calibrated using standards developed from the achenes of low-oil (285.9 g/kg oil) and high-oil (444.5 g/kg oil) recombinant inbred lines (RIL 54 and 75, respectively) developed from the cmsHA89 3 ANN1238 mapping population .
Fatty acid concentrations were measured by gas chromatography of fatty acid methyl esters. For each individual, samples were prepared by grinding 20 achenes (seeds) in 10 ml of HPLC-grade hexane using a Polytron (Brinkmann Instruments, Westbury, NY). The mixture was allowed to settle for 20-30 min before transferring 0.5 ml of the supernatant to a 16 3 100-mm glass tube. Capped samples were heated for 15 min at 50°in a heat block. The hexane was evaporated under a gentle stream of nitrogen gas before adding 0.1 ml of ethyl ether and 0.1 ml 0.1 m of KOH in methanol and heating the samples for 5 min at 50°. The transesterification reaction was neutralized by adding 0.1 ml of 0.15 m HCl to each tube, followed by 2.0 ml of hexane. Samples were then mixed by swirling and allowed to settle. Using a disposable glass Pasteur pipette, 0.5 ml of the upper phase (hexane) was transferred to a gas chromatography vial and capped. We injected 1.0-ml samples onto an Agilent Technologies (Palo Alto, CA) DB-23 micrometer column mounted in an HP6890 gas chromatograph (Hewlett-Packard, Wilmington, DE) using a split ratio of 1:80. The initial oven temperature was 50°. Oven temperatures were ramped up from an initial temperature of 50°to 185°in 30°/min increments and held at 185°for 4.5 min. Total run time was 10 min. Fatty acid concentrations were calculated using ChemStation software (Agilent Technologies). Palmitic, stearic, oleic, and linoleic acid peaks were identified using standards purchased from NU-CHEK PREP Prep (Elysian, MN).
QTL analysis: All five oil-related traits were analyzed via composite-interval mapping (CIM; Zeng 1993 Zeng , 1994 as implemented by the software package QTL Cartographer version 1.17 (Basten et al. 2003) . Tests for the presence of a QTL were performed at 2-cM intervals using a 10-cM window and five background cofactors, which were selected via forward-backward stepwise regression. For each trait, genome-wide threshold values (a ¼ 0.05) for declaring the presence of a QTL were estimated from 1000 permutations of the data (Churchill and Doerge 1994; Doerge and Churchill 1996) . The 1-LOD support limits for the position of each QTL were calculated from the CIM results. Also note that the positions of the previously mapped domestication-related QTL were reestimated following the removal of the aberrantly placed dominant markers and the addition of HT769.
In addition to testing for the presence/absence of QTL, Zmapqtl also provides an estimate of the additive (a) and dominance (d) effects of the QTL. The degree of dominance of the cultivar allele at each locus was calculated as d/a, such that the expected value of a perfectly additive locus is 0. Completely dominant or recessive loci have expected values of 1.0 and ÿ1.0, respectively. Values of .1.0 or ,ÿ1.0 are due to over/underdominance. Following Burke et al. (2002) , the mode of gene action of each QTL was classified as follows: underdominant ,ÿ1.25 # recessive ,ÿ0.75 # partially recessive ,ÿ0.25 # additive # 0.25 , partially dominant # 0.75 , dominant # 1.25 , overdominant.
Analyses of genetic diversity: On the basis of the results of the QTL analysis (see below for details), we wanted to test the hypothesis that LG06 has been the target of recent selection. To test for the signature of selection on LG06, we analyzed patterns of SSR variation across the sunflower genome using the software package POPGENE (version 1.31; Yehet al. 1999 ). This analysis was based on genotypic data from a total of 102 single-locus, codominant SSR loci (supplemental Table 1S at http:/ /www.genetics.org/supplemental/) that were run on a panel consisting of one individual from each of 15 wild sunflower populations, 13 Native American landraces and openpollinated, primitive cultivars (hereafter referred to as the ''exotic'' lines), and 16 highly improved, elite oilseed inbred lines (supplemental Table 2S at http:/ /www.genetics.org/ supplemental/; see Knapp 2003 and Yu et al. 2002 for additional details regarding both the markers employed and the individuals surveyed). The number of markers per linkage group ranged from three to eight, with a total of eight loci (ORS57, ORS339, ORS349, ORS381, ORS608, ORS678, ORS1193, and HT769) residing on LG06 (Burke et al. , 2004 Tang et al. 2002; Yu et al. 2003) . Of these, three (ORS57, ORS1193, and HT769) were already on our map from the QTL analysis, three (ORS 339, ORS 381, and ORS678) were subsequently added to our map to investigate the actual target(s) of selection, and two (ORS349 and ORS608) could not be mapped in our population but are known to reside on LG06 on the basis of their locations on other sunflower genetic maps Yu et al. 2003 , Burke et al. 2004 .
RESULTS

QTL analysis:
Results of the QTL analysis are summarized in Table 1 and presented graphically in Figure  2 . CIM revealed the presence of 9 QTL affecting the five traits analyzed. The 1-LOD support limits, which provide an approximate confidence interval for the location of each QTL, ranged from 8.0 to 27.4 cM (mean ¼ 15.5 cM), and the number of QTL per trait ranged from 1 to 3. These 9 loci were distributed across six linkage groups, one of which (LG06) carried a cluster of 4 oilrelated QTL. Because two of these traits (% oleic and % linoleic) exhibit a strong negative correlation (r 2 ¼ 0.99), they were further analyzed via multiple-trait CIM ( Jiang and Zeng 1995) . This analysis, which was performed using the JZmapqtl module of QTL Cartographer, resulted in the identification of an additional % oleic QTL on LG03, bringing the total number of detected QTL to 10 (Table 1) .
Individual loci explained 10.1-35.9% of the phenotypic variation of any given trait (Table 1) and, for the most part, had effects in the direction expected on the basis of the trait differences outlined in Table 2 . The exceptions to this were the QTL for palmitic acid content as well as 1 QTL for oleic acid content. The former trait does not differ significantly between cultivated and wild sunflower such that no expectation could be established, and the 2 QTL were split, with one causing an increase and the other a decrease in palmitic acid. With regard to oleic acid content, the cultivar allele at 1 of the 3 QTL (located on LG01) produced a decrease in oleic acid. In terms of gene action, 2 of the 10 QTL behaved in an additive fashion, whereas the cultivar allele was partially recessive at 3 loci and partially or completely dominant at 4 loci. One locus showed evidence of overdominance.
As noted above, the fact that LG06 harbors a majority of domestication-related QTL with effects in the opposite direction of the cultivar phenotype (Figure 1 ) led us to hypothesize that strong selection favoring one or more previously unidentified QTL with opposing effects on other (domestication-related) traits might be responsible for the abundance of antagonistic QTL on LG06. We further hypothesized that such selectively important QTL would likely be of large effect. , summing across i alleles at each locus), presumably due to a series of population bottlenecks associated with domestication and subsequent improvement. To test the hypothesis that LG06 was the target of selection during the evolution of cultivated sunflower, we compared the reduction in expected heterozygosity along LG06 that occurred during the wild-elite transition with the reduction experienced across the balance of the genome. We did this by calculating ln(RH) for each locus (where RH is the ratio of gene diversity in the elite vs. wild screening panels) and comparing the values for markers located on LG06 against those found elsewhere in the genome. This statistic has approximately the same expected value when compared between populations, and simulations indicate that it is largely independent of the mutation rate and robust to population expansions, bottlenecks, admixture, and the predominant mode of mutation (Schlötterer and Dieringer 2004) . Consistent with the hypothesis that LG06 experienced strong directional selection during the evolution of cultivated sunflower, markers located on this linkage group exhibited a significantly greater loss of genetic diversity than did markers located elsewhere in the genome (t ¼ ÿ3. Figure 3 ). To investigate when during the evolution of cultivated sunflower this pattern arose (i.e., during domestication or subsequent improvement), we performed a similar analysis of both the wild-exotic transition and the exotic-elite transition (Figure 3 ). These analyses revealed that, while there is no detectable difference between LG06 and the remainder of the genome when comparing the exotic lines against the wild populations (t ¼ ÿ1.47, d.f. ¼ 100, P . 0.10; Wilcoxon x 2 ¼ 2.12, d.f. ¼ 1, P . 0.10), the significantly greater drop in genetic diversity on LG06 reappears when comparing the highly improved elite lines against the exotic lines (t ¼ ÿ3.70, d.f. ¼ 100, P ¼ 0.0004; Wilcoxon x 2 ¼ 7.85, P ¼ 0.005). As a further testament to the extreme loss of genetic diversity on LG06, it is worth noting that only 9 of the 102 markers that we surveyed had ln(RH) values (on the basis of the elite-wild transition) that were .2 standard deviations below the mean, yet 4 of these 9 loci are located on LG06. On the basis of the results of a permutation test wherein we randomly shuffled markers across linkage groups, we can conclude that this number is significantly greater than expected by chance (P , 0.001). Indeed, not even 1 of the 1000 permutations that we ran resulted in 4 or more such markers on LG06. Again, this result is consistent with the hypothesis that LG06 was a major target of selection during the evolution of cultivated sunflower.
In terms of the partitioning of genetic variation within and among our ''population'' samples, markers on LG06 exhibited significantly higher F ST values than did markers from the balance of the genome when the wild and elite gene pools were compared [F ST ¼ 0.226 6 0.028 vs. 0.152 6 0.008, respectively; t ¼ 2.08, d.f. ¼ 100, P ¼ 0.04; F ST values were Box-Cox transformed (Box and Cox 1964) to restore normality]. This difference disappeared entirely when comparing between the wild and exotic gene pools (F ST ¼ 0.095 6 0.020 vs. 0.093 6 0.006, respectively; t ¼ 0.13, d.f. ¼ 100, P . 0.80) only to reemerge (albeit weakly and nonsignificantly) when the exotic and elite gene pools were compared (F ST ¼ 0.110 6 0.022 vs. 0.076 6 0.007; t ¼ 1.266, d.f. ¼ 100, P ¼ 0.21). Again, these results are consistent with the hypothesis that LG06 was a major target of selection during the evolution of cultivated sunflower, most likely during the postdomestication era. 
DISCUSSION
Unlike our previous analysis of domestication-related traits in sunflower , this study of seed oil content and composition (which was performed in the same cultivated 3 wild mapping population) revealed the occurrence of a number of loci with moderate to large effects. Indeed, QTL underlying oil-related traits explained significantly more of the phenotypic variation segregating in the mapping population (17.9 6 2.9%, mean 6 SE) than did those corresponding to other domestication-related traits (10.5 6 1.0%; t ¼ 2.50, d.f. ¼ 86, P ¼ 0.02). This result suggests that, while the phenotypic transition from wild to domesticated sunflower may have been rather smooth, the transformation of sunflower into an oilseed crop was likely more punctuated, resulting from the accumulation of alleles of comparatively large effect. It should be noted, however, that even the larger oil-related QTL are still relatively small when compared to those derived from other studies of crop plant evolution (e.g., Doebley and Stec 1991; Koinange et al. 1996) . Thus, even this latter phase of sunflower evolution may have involved relatively few major phenotypic leaps. In terms of gene action, the derived (i.e., cultivar) allele was, on average, slightly (but not significantly) more dominant for oil-related compared to domestication-related QTL (d/a ¼ 0.27 6 0.88, mean 6 SE, vs. 0.14 6 0.34, respectively; t ¼ 0.14, d.f. ¼ 86, P . 0.80).
With regard to the direction of QTL effects, just over one-third of the domestication-related QTL that we previously identified had antagonistic effects, with the cultivar allele producing a wild-like phenotype (and vice versa) . In contrast, the effects of the oil-related QTL identified here were mostly in the expected direction. The only possible exceptions to this were the two QTL for palmitic acid content, for which no expectation could be established (Table 2) , and a single oleic acid content QTL on LG01. While the occurrence of selection on seed oil content during the transformation of sunflower into an oilseed crop is well established (Putt 1997) , the role of selection in producing the observed differences in seed oil composition is less clear. Thus, following the methods of Rieseberg et al. (2002) , we pooled our results across the four oil-related traits for which an expected direction of effect could be established and applied Orr's (1998) QTL sign test. Although the results are only marginally significant (P ¼ 0.086), owing at least in part to the relatively small number of QTL detected, the outcome of this test suggests that this suite of traits, unlike most domestication-related traits, has experienced a history of directional selection.
As noted in the Introduction, LG06 is unique with respect to the occurrence of antagonistic QTL ( Figure  1) . Seven of the 10 domestication-related QTL on this linkage group have effects that oppose the cultivar phenotype, including 2 that influence the only trait for which there is strong evidence of selection during domestication (i.e., achene size). This pattern, when combined with our finding that this same linkage group carries comparatively large oil-related QTL with effects in the expected direction, motivated our analysis of LG06 for population genetic evidence of a past selective sweep. Not surprisingly, there was an overall drop in diversity across the sunflower genome across successive stages of domestication and improvement (Figure 3 ). More interestingly, however, LG06 experienced a significantly greater drop in diversity than did the remainder of the genome; similarly, this linkage group exhibits significantly stronger partitioning of genetic variation than does the balance of the genome. Both of these results are consistent with the hypothesis that LG06 has been the subject of recent selection. Moreover, there is no evidence of selection on LG06 during the transition from wild to domesticated sunflower (see ''Exotic vs. Wild'' in Figure 3 ), whereas the pattern reemerges when looking at the exotic-to-elite transition. Thus, this signature of selection appears to have arisen during the postdomestication era.
Although LG06 appears to have been under very recent and strong selection, the causes of this selection are less clear. Inspection of the pattern of diversity loss across LG06 reveals the presence of two distinct ''diversity valleys,'' with markers at (or near) each end of the linkage group showing a complete loss of diversity across the elite lines (ORS339 and ORS1193; Figure  4 ). In contrast, the four more centrally located markers retained considerably more diversity. As with ORS339 and ORS1193, both the two remaining markers (ORS349 and ORS608) from our diversity scan that are known to map to LG06, but which were unmappable in our population, show a complete loss of diversity across the elite lines. Data from other sunflower mapping populations (e.g., Tang et al. 2002; Yu et al. 2003; Burke et al. 2004) indicate that ORS349 maps in very close proximity to ORS339 near the bottom of the linkage group. In contrast, ORS608 appears to fall somewhere in the central portion of the linkage group. Although the precise location of this latter marker relative to our other mapped markers remains somewhat unclear, these results suggest the presence of a third diversity valley.
The simplest explanation for the presence of three distinct diversity valleys on LG06 is that this linkage group has experienced three independent selective sweeps, with selection on the oil-related QTL detected here responsible for the central sweep (marked by ORS608) only. This does not, however, provide an explanation for the other two sweeps and further implies that major QTL for other, as of yet unmapped, traits (e.g., seed dormancy) may be located near the ends of LG06. Alternatively, the widespread loss of diversity across LG06 might be the result of a single, extremely rapid selective sweep. Although it seems very unlikely that a single selective sweep could influence diversity across much of a linkage group, it must be kept in mind that the modern era of sunflower breeding has involved intensive inbreeding, and it may be that reduced recombination resulting from such inbreeding has played an important role in producing the pattern documented here. Indeed, the average inbreeding coefficient across loci on the nonswept linkage groups (i.e., all but LG06) is 0.98 in the elite lines, resulting in a nearly complete suppression of effective recombination within lines. If the pattern documented here was, in fact, the result of only a single sweep, then the heterogeneity of diversity loss across LG06 would have to be explained by other factors, such as (1) errors in marker ordering, perhaps due to structural rearrangements; (2) variable mutation rates across loci combined with genetic drift following the selective bottleneck; and/or (3) the presence of loci on LG06 that cause inbreeding depression and concomitant selection for the maintenance of genetic diversity at those loci. While errors in marker ordering remain a possibility, the latter two explanations seem rather unlikely because of the short time frame available for mutation accumulation and the fact that what variation remains along LG06 is predominantly among lines with very little heterozygosity being maintained within lines.
Taken together, the results of this study indicate that strong selection can have a profound effect on the level of standing genetic variation in a population and can influence much more than the frequencies of linked, neutral alleles. Indeed, the occurrence of numerous antagonistic domestication-related QTL in the immediate vicinity of a presumptive sweep indicates that linked, maladaptive alleles can be brought along for the ride. This may account, at least in part, for the widespread occurrence of QTL with opposing effects, although other evolutionary processes likely contribute as well (Rieseberg et al. , 2003 . Several studies are currently under way to further investigate the possible causes of the pattern reported here. First, a dense genetic map of LG06 is currently being generated in a larger and more diverse exotic 3 wild mapping population to verify marker orders. Second, additional markers along LG06 are being surveyed for allelic diversity to better understand the scale of diversity variation along this linkage group. Finally, we are continuing to map QTL for additional domestication and/or improvement-related traits in this and other mapping populations, and the positions of any such loci on LG06 will be analyzed with reference to the regions of low diversity. 
